A system of digitonin-permeabilized islet cells was developed to characterize Ca2+-and calmodulin-dependent protein phosphorylation further and to determine whether activation of this membrane-bound process was sufficient for initiation of The mechanism by which glucose stimulates the secretion of insulin from pancreatic islets remains unresolved. Various pieces ofevidence suggest that alterations in cellular levels of Ca2+ are centrally involved in modification of the fl-cell response. All known insulin secretagogues affect Ca2+ fluxes in intact islets; insulin secretion is dependent on extracellular Ca2+, and alteration of extracellular Ca2+ concentrations can effect the release of insulin in the absence of glucose. Thus it appears that Ca2+ represents a final effector mechanism which initiates the secretory response (Wollheim & Sharp, 1981) .
The mechanism by which glucose stimulates the secretion of insulin from pancreatic islets remains unresolved. Various pieces ofevidence suggest that alterations in cellular levels of Ca2+ are centrally involved in modification of the fl-cell response. All known insulin secretagogues affect Ca2+ fluxes in intact islets; insulin secretion is dependent on extracellular Ca2+, and alteration of extracellular Ca2+ concentrations can effect the release of insulin in the absence of glucose. Thus it appears that Ca2+ represents a final effector mechanism which initiates the secretory response (Wollheim & Sharp, 1981) .
Many of the effects of Ca2+ are mediated by modification of protein kinase activities. We have fairly recently described a membrane-bound Ca2+ and calmodulin-dependent protein kinase activity in subcellular fractions of pancreatic islets (Landt et al., 1982) . Various lines of evidence suggest that this protein kinase plays a role in insulin secretion. The protein kinase is activated by Ca2+ concentrations thought to be obtained in the stimulated ,Bcell (Colca et al., 1983a) and is enriched in a microsomal fraction that contains a calcium pump capable of controlling Ca2+ concentrations in this range . The Ca2+-and calmodulin-dependent protein kinase phosphorylates endogenous islet-cell substrates of 57 and 54kDa and is inactivated by alloxan under conditions where alloxan inhibits insulin secretion (Colca et al., 1983b) . Furthermore, studies performed with intact islets preloaded with [32P]P, indicate that this protein kinase activity is correlated with glucosestimulated insulin release (Colca et al., 1983a) .
However, experimental approaches that have studied protein phosphorylation in cell-free systems or after labelling of intact cells with [32p] Detergent-permeabilized cells have been used to study pools of intracellular Ca2+ uptake (Hirata & Koga, 1982; Wakasugi et al., 1982; Burgess et al., 1983) , DNA synthesis (Miller et al., 1978) , catecholamine secretion (Dunn & Holz, 1983; Wilson & Kirshner, 1983) , and hormone action (Mooney et al., 1983) . Such studies have taken advantage of the ability of detergents such as digitonin to selectively permeabilize the cholesterol-rich plasma membrane. This study describes a technique to permeabilize dispersed islet cells as well as intact islets by a short incubation with digitonin. The digitonin-permeabilized islet cells are then used to measure Ca2+-activated protein phosphorylations and insulin secretion.
Experimental procedures Materials
Male Sprague-Dawley rats (200-300g) 
Pancreatic islets
Pancreatic islets were obtained from fed rats by collagenase digestion (Lacy & Kostianovsky, 1967; McDaniel et al., 1983) , followed by purification on Ficoll gradients (Shibata et al., 1976) . The isolated islets were hand-picked under a dissecting microscope and then dispersed into single cells with Dispase (Ono et al., 1977) . Experiments either used these dispersed cells [(1-2) x 104 cells/sample] or intact islets (20-40/sample). All incubation mixtures contained 3OQul unless otherwise noted.
Digitonin studies
Dispersed cells or intact islets were incubated in a modified Krebs buffer (1 l5mM-NaCl/ 24 mM-NaHCO3 /5 mM-KCI / 1 mM-MgCl2 /1 mM-EGTA/20mM-Hepes/0.1% bovine serum albumin, pH 6.8). Permeabilization was performed in the indicated buffer at 37°C with 0-40pg of digitonin/ml for 15 min unless otherwise indicated. Dispersed cells were centrifuged at 5OOg for 5min. Treated intact islets were allowed to sediment (30s) and the medium was rapidly removed with a drawn Pasteur pipette.
Lactate dehydrogenase (EC 1.1.1.27) was measured in a 25 l sample and fluorescence was read in a 1 ml sample (Lowry et al., 1957 
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The gels were dried, exposed to X-ray film, and the phosphoprotein bands of interest were cut from the gels for quantification of 32P incorporation (Landt et al., 1982) . Ca2+ and calmodulin-dependent protein phosphorylation is defined as the amount of phosphorylation occurring in the presence of Ca2+ and calmodulin minus that occurring in the absence of either component. Quantification was generally of the 57 kDa endogenous substrate, since it is more heavily phosphorylated (Colca et al., 1983a) . Insulin secretion Digitonin-treated islets were washed three times in Tris buffer (50mM-Tris/100mM-KCI/5mM-MgCl2/0.1% bovine serum albumin, pH6.8) and then incubated at 24°C for 15min in Tris/ Pipes buffer (55mM-Tris/Pipes/l 11 mM-KCl/ 5mM-MgCI2 /1.1 mM-EGTA/ 1 mM-ATP/ l0mM-phosphocreatine/creatine kinase (10 units/ml)/ 0.1% bovine serum albumin, pH7.5) containing 0-1.2mM-CaCl2 and 0167jug of calmodulin/ml. Islets were gassed with O2/CO2 (19: 1). At the end of the incubation period, the medium was withdrawn and the insulin released was quantified by radioimmunoassay. Immunoreactive insulin was measured in triplicate by the method of Wright et al. (1971) , with porcine insulin as standard.
Free Ca2+ concentrations were estimated by assuming an apparent stability constant for Ca2+ * EGTA of 107-44 (240C, 100 mM-KCl, pH 7.5), which was determined from an absolute stability constant of 1010.97 (20°C, I0. 1) by interpolating for temperature and the H+ activity coefficient as suggested by Martell & Smith (1974) . Ionized-Ca2+ concentrations were then confirmed by measurement in the complete assay medium by using a Ca2+-specific electrode (Orion 93-20, with a doublejunction reference electrode 90-02) as previously described Analysis of the digitonin-treated islet cells by electron microscopy showed no significant ultrastructural differences when compared with nontreated islet cells (Fig. 1) . In both groups, the ultrastructural appearance of the endoplasmic reticulum and the secretory granules was similar, although the mitochondria of permeabilized cells appeared slightly more condensed.
Studies were undertaken to determine whether Isolated pancreatic islets were dispersed into single cells as described in the Experimental procedures section. Samples of the cells were then incubated with the indicated concentrations of digitonin for 15 min at 37°C. The cells were then sedimented and lactate dehydrogenase activity (LDH) was determined on samples of the supernatant and sonicated pellet as described in the text. A portion of the cell suspension from each sample was also tested for the ability of the cells to exclude Trypan Blue. Results are means+ S.E.M. for four experiments.
[Digitonin] (pg/ml) .,.. was dependent on the addition of both Ca2+ and calmodulin and proportional to the percentage of lactate dehydrogenase released during the digitonin pretreatment (Fig. 2) . Although the digitonin treatment did not disrupt the ultrastructure of the fl-cells (Fig. 1) , the extent of phosphorylation obtained after pretreatment of islets with 20 or 40ug of digitonin/ml was similar to that occurring after disruption of the intact islets by sonication, i.e. the cells were made sufficiently permeable with digitonin (20ug/ml). It is noteworthy that 49 + 14% of the total islet Ca2+-and calmodulindependent protein kinase was recovered from the intact islets after digitonin treatment. Additional studies were undertaken to characterize protein phosphorylation in these permeable islets. The time course for the Ca2+ and calmodulin-dependent protein kinase in pre-permeabilized islets is shown in Table 3 . Interestingly, a similar time course for the activity was obtained after preincubation of untreated islets with Ca2+, calmodulin, and ATP and initiation of the intracellular phosphorylation with digitonin (Table 3) . That is, the speed of permeabilization of the islets by digitonin 1985 was not such as to rate-limit the measurement of protein phosphorylation in this system. To determine if the protein kinase activity in the permeabilized-islet system was similar to that described previously for the kinase activity in subcellular fractions, the concentration of free Ca2+ or exogenous calmodulin was varied. The calmodulin requirement for this protein kinase activity is shown in Fig. 3(a) . Maximal stimulation of the rate of phosphorylation occurred at approximately lOpg of calmodulin/ml. The Ca2+ dependence of the protein kinase activity (Fig. 3b) showed that maximal activation was present at approx. 2-3 pMCa2+. The characteristics of this protein kinase activity as measured in permeabilized islets were similar to those described for the activity measured in subcellular fractions (Colca et al., 1983a) . Additional studies have also been performed to address this question. Ca2+ and calmodulin-dependent protein phosphorylation assays were performed in digitonin permeabilized islets as described in Fig.  2 . The islets were then homogenized in fractionation buffer at 4°C containing EDTA to chelate Mg2+ and minimize subsequent dephosphorylation. The particulate membranes and cytosol were then separated by ultracentrifugation, the phosphoproteins being by autoradiography. The Ca2+-and calmodulin-dependent phosphoproteins as described in the present study were totally associated with the protein pellet as opposed to the cytosol. These studies are consistent with the other supportive data indicating that the Ca2+-and calmodulin-dependent protein kinase system in digitonin-permeabilized islets exists in the membrane fraction.
Insulin secretion in permeabilized islets
Insulin release by digitonin-treated islets was examined at 37°C under conditions similar to those described for protein phosphorylation. However, the addition of Ca2+ (0.1-40Mm-free Ca2+) with or without calmodulin did not augment the release of insulin (results not shown). Since Table 4 . Effect of Ca2+ and calmodulin on insulin release in digitonin-permeabilized pancreatic islets Digitonin-permeabilized (20pg/ml, 20min, 37°C) pancreatic islets were washed free of detergent in Tris buffer (50mM-Tris/l0OmM-KCI/5mM-MgCl,/0.1% bovine serum albumin, pH6.8) and then incubated at 24°C in a Tris/Pipes buffer mimicking intracellular conditions [55 mM-Tris/Pipes/ 111 mM-KCI/5mM-MgCl,/1.1 mM-EGTA/lOmM-phosphocreatine/creatine kinase (10 units/ml)/O. bovine serum albumin, pH 7.5] containing no or 0.95mM-CaCl, and 0-167pg of calmodulin/ml. After 15 min incubation, insulin released in the media was measured by radioimmunoassay. Results are expressed as means +S.E.M. of three to four experiments each performed in quadriplicate.
Insulin release (punits/min per islet) [Calmodulin] (pg/ml) [ to optimize the possibility of demonstrating Ca2+-dependent secretion. Assays were performed at room temperature to minimize background insulin release and at pH7.5 in the presence of EGTA in order to obtain submicromolar concentrations of free Ca2 . In the presence of an ATP-regenerating system and in a media mimicking intracellular conditions, Ca2+-induced secretion by digitonintreated islets was successfully demonstrated (Fig.  4) . Under these conditions, a basal rate of 0.64 + 0.06 punit of insulin/min per islet was obtained in the absence of Ca2+ and maximal insulin release (1.08 + 0.09tunit/min per islet, n = 20) was observed at 0.2 pM-free Ca2+. The effect of calmodulin (0-167 pg/ml) on insulin release in the absence or presence of 0.2 pM-free Ca2+ is detailed in The demonstration of C dependent protein kinase meabilized cells with kinetic characteristics similar to those described in subcellular membrane fractions (Landt et al., 1982; Colca et al., 1983a) supports the hypothesis that this enzymic system functions in the intact cell. insulin release also can occur in digitonin-permeaf digitonin in the nonbilized islets. The failure to show Ca2+-stimulated gitonin caused leakage insulin release at 37°C is due to the large noni the cells (as judged by specific background release of insulin (10 times the enase), the ultrastrucbasal rate observed at 24°C). However, at room ntact. Furthermore, at temperature and under conditions mimicking :n employed in the intracellular requirements, Ca2+-dependent in-)or membranes such as sulin release was present as well as the Ca2+-mic reticulum (Korn, and calmodulin-dependent phosphorylation of is treatment (Gogelein the 57kDa endogenous substrate. The effect of Xm is thus useful for calmodulin on insulin secretion in this system was rlation in the structurunexpected. . The possibility that calmodulin per se acts on an unknown link of the exocytosis process cannot be excluded. In any event, the development of the digitonin-permeabilized islet system will allow detailed testing of these hypotheses under various conditions with inhibitors of the protein kinase activity such as calmodulin antagonists, diphenylhydantoin and alloxan (Landt et al., 1982; Norling et al., 1984; Colca et al., 1983b) . The present studies demonstrate the usefulness of the digitonin-permeabilized cells in the study of protein phosphorylation and insulin release in intact cellular membranes. This system can complement studies with subcellular fractions or cells loaded with [32P]Pi and offers certain advantages over both of these techniques. It is also applicable to the direct study of other protein kinases such as cyclic AMP-dependent protein kinase and protein kinase C and the impact of these activities on insulin secretion.
